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This study analyzes the exposure of the human torso to electromagnetic ﬁelds caused by wireless body-mounted or handheld
devices. Because of the frequency and distance ranges from 30–5800 MHz and 10 to 200 mm, respectively, both near-ﬁeld
and far-ﬁeld effects are considered. A generic body model and simulations of anatomical models are used to evaluate the
worst case tissue composition with respect to the absorption of electromagnetic energy. Both standing wave effects and
enhanced coupling of reactive near-ﬁeld components can lead to a speciﬁc absorption rate (SAR) increase in comparison to
homogeneous tissue. In addition, the exposure and temperature increase of different inner organs is assessed. With respect to
compliance testing, the observed SAR enhancement may require the introduction of a multiplication factor for the spatial
peak SAR measured in the liquid-ﬁlled phantom in order to obtain a conservative exposure assessment. The observed tissue
heating at the body surface under adiabatic conditions can be signiﬁcant, whereas the temperature increase in the inner
organs turned out to be negligible for the cases investigated.
INTRODUCTION
Owing to the novel wireless technologies, which have
been introduced in recent years, the exposure of the
human body to radio frequency (RF) electromag-
netic ﬁelds has been constantly increasing. The basic
absorption mechanism of RF energy in the human
body is described in Kuster and Balzano(1), and sub-
stantial research work has been performed to
characterize the exposure of the human head due to
cell phone radiation(2,3). These studies consider
tissue distributions as they typically occur in the
region of the head and the temporal bone or use
homogeneous tissue parameters, which have been
chosen such that a conservative exposure estimate
can be achieved for the exposed body region. Many
handheld devices, however, expose other regions of
the body than the head, or they may directly be
attached to the body or the limbs. These devices can
use frequencies ranging up to 6 GHz, such that both
near- and far-ﬁeld effects must be considered for the
assessment of the speciﬁc absorption rate (SAR).
Therefore, the analysis of the tissue composition and
distribution must consider the whole human body.
The particular impact of the presence of body fat on
the absorption of electromagnetic energy has repeat-
edly been reported in the past(4,5). This study therefore
evaluates realistic worst case exposure situations con-
sidering generic and anatomical models of the body
with respect to absorption and induced tissue heating
and discusses consequences on the compliance testing
of body-mounted and portable wireless devices.
OBJECTIVES
The main goal of this study was the characterization
of the absorption of electromagnetic ﬁelds in the
trunk of the human body from wireless devices oper-
ating in the immediate environment. In detail, this
encompasses:
† theoretical analysis of the near- and far-ﬁeld
coupling effects of electromagnetic ﬁelds into
body tissue considering anatomically correct
tissue distribution, distances from 5 to 200 mm
and a frequency range up to 6 GHz;
† evaluation of the worst case tissue distribution
considering the characteristics of the torso;
† analysis of the SAR distribution in anatomical
models of the human body in order to validate
the worst case coupling effects and to assess the
exposure of inner organs;
† analysis of the induced heating effects consider-
ing worst case situations and the temperature of
inner organs;
† evaluation of the results with respect to existing
standards for the compliance testing of wireless
devices and their applicability for different
organs.
ABSORPTION OF ELECTROMAGNETIC
FIELDS IN LAYERED BIOLOGICALTISSUE
Generic body model
In order to characterize the absorption in layered
body tissue, a generic body model was deﬁned con-
sisting of planar layers of skin, fat and muscle tissue
(Figure 1). Fat tissue has a very low-water content*Corresponding author: christ@itis.ethz.ch
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and therefore signiﬁcantly lower permittivity and
conductivity (e.g., 1r ¼ 5.5, s ¼ 0.05 S m21 at
900 MHz)(6), whereas muscle tissue has a permittiv-
ity of 1r ¼ 55 and a conductivity of s ¼ 0.94 S m21
at the same frequency. The dielectric properties of
most other body tissues with high-water content are
of the same order of magnitude.
In order to determine the tissue compositions
with the highest absorption, the impact of the thick-
nesses of the skin and fat layers on the peak spatial
average SAR has been evaluated. The thickness of
the skin ranged from 0.4 to 2.6 mm including the
epidermis and the dermis. This covers an age range
from newborn to 60 y(7). Fat layer thicknesses
between 0 and l/2 were used in order to take into
account all possible effects due to impedance match-
ing in the layers. At lower frequencies, the maximum
fat thickness was limited to anatomically realistic
cases. A layer of muscle tissue was used to terminate
the body model.
SAR calculation in layered tissue
The absorption of electromagnetic energy in the
layered body tissue has been analyzed for (1) far-
ﬁeld conditions assuming a perpendicularly incident
plane wave in a frequency range from 236 to
5800 MHz and (2) for the near ﬁeld of a l/16- and
a l/2-dipole antenna at distances between 10 and
200 mm. The worst case tissue compositions were
evaluated with respect to the 1 g peak spatial
average SAR in the layered structure in comparison
to a homogeneous lossy half-space with the dielec-
tric properties of head tissue simulating liquid
(HTSL) as deﬁned for the compliance testing of
handheld and body-mounted devices by IEC 62209
Part 2(8).
Under far-ﬁeld conditions, a layered transmission
line model was used to calculate the electric ﬁeld in
the tissues. For the near-ﬁeld evaluation, the ﬁelds
of the two-dipole antennas were simulated with
the ﬁnite-difference time-domain (FDTD) method
(Semcad X, Schmid & Partner Engineering, Zu¨rich,
Switzerland) and the Method of Moments with
layered planar Green’s functions. The peak spatial
average SAR was calculated over a 1 g cube accord-
ing to the procedure described in IEEE Std C95.3(9).
Figure 2 shows the 1 and 10 g peak spatial average
SARs in the layered tissue as a function of the skin
and the fat thicknesses normalized to the value in
HTSL at 1800 MHz. An increase of 2–3 dB in com-
parison to HTSL has been observed for the worst
case tissue distributions. Similar results have been
found for the whole frequency range of interest for
the tissue thicknesses as given in Table 1 (Figure 3).
Although the tissue distribution for realistic body
modeling can be more complex, a detailed analysis
of the plane wave absorption considering the tissue
distributions at all different regions of the torso and
Figure 1. Generic body model as layered tissue structure
with plane wave incident to the skin.
Figure 2. Ratio of the 1 g peak spatial average SAR in a planar structure (Figure 1) as function of the skin and fat layer
thicknesses in comparison to HTSL for perpendicular incidence at 1800 MHz.
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the limbs(10) shows results, which are in very good
agreement with those obtained with the generic
body model. The distribution of the spatial average
SAR and the local SAR (not averaged) in anato-
mically correct tissue layers [skin—subcutaneous
adipose tissue (SAT)—breast tissue—muscle] is
shown in Figure 4. Owing to the comparatively high
losses, the main contribution to the spatial average
SAR occurs in the skin layer. If the sequence of
tissue layers is terminated with muscle tissue, the
reﬂections will lead to a strong increase in the skin
layer (.4 dB for the case shown in Figure 4). The
peak spatial average SAR in a cubic volume of
layered tissue is 3 dB higher than in HTSL. In this
case, the high contribution of the skin layer is par-
tially compensated by the SAT and the breast tissue.
If the SAR is averaged over contiguous skin tissue
instead of the cubical volume and if a sufﬁciently
large surface of the skin is exposed, then the peak
spatial average SAR in the skin layer exceeds the
SAR in HTSL by 8–9 dB.
Under near-ﬁeld conditions, enhanced E-ﬁeld
coupling into layered tissue has been observed for
low frequencies (,450 MHz) and electrically small
antennas. If the reactive energy contains signiﬁcant
levels of H-polarized ﬁelds(11), the perpendicular
E-ﬁeld components cause highly localized absorp-
tion in the skin and also penetrate the low-permittiv-
ity fat layer. Figure 5 compares the 1 g peak spatial
average SAR in layered and homogeneous tissue for
a l/16- and a l/2-dipole antenna in a layered and a
homogeneous body model at 236 MHz. At short
distances (,25 mm), the SAR in the layered model
exceeds the one in the homogeneous model by more
than 2 dB if the phantoms are exposed to the radi-
ation of the l/16-dipole. For the l/2-dipole, the
homogeneous body model yields a conservative
SAR estimation. This effect does not depend on the
actual thickness of the fat layer or on the terminat-
ing tissue. At larger distances, the above-mentioned
standing wave effects lead to an SAR increase inde-
pendent of the antenna type(12).
Table 1. Thicknesses of the skin (dskin) and the fat layer
(dfat) for maximum 1 g peak spatial average SAR (worst
case) in the generic body model for far-ﬁeld conditions.
Frequency (MHz) dskin (mm) dfat (mm)
236 2.6 100
450 2.6 50
900 2.6 24
1500 1.5 15
1800 1.3 13
2450 1.2 7.0
5800 0.4 3.8
Figure 3. One-gram peak spatial average SAR in HTSL and in the generic model worst case tissue distribution (Table 1)
at an incident power density of 1 W m22.
A. CHRIST ETAL.
8
Figure 4. Local and 1 g peak spatial average SAR distribution in layered biological tissue under far-ﬁeld conditions at
900 MHz (2.2 mm skin, 1.4 mm SAT, 22.2 mm breast tissue with and without a terminating muscle layer) in comparison
to homogeneous HTSL at an incident power density of 1 W m22.
Figure 5. One-gram peak spatial average SAR in dB (0 dB ¼ 1 W kg21) at 236 MHz for 1 W feeding power for a l/16-
and a l/2-dipole in layered tissue (2.6 mm skin, 105 mm fat, muscle) and HTSL.
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EXPOSURE OFANATOMICAL MODELS
OF THE HUMAN BODY
Standing wave effects in an anatomical body model
An anatomically correct whole-body model of an
adult male of a body weight of 90 kg and a height
of 1.80 m(13) was used for the excitation of the stand-
ing wave effects with anatomically correct tissue
distribution. A location of the abdominal wall
with appropriate tissue distribution was exposed to
the radiation of a l/2-dipole at a frequency of
1800 MHz. The distance between the antenna and
the skin surface was 50 mm (Figure 6). Figure 7
shows the SAR distribution in the body for both
anatomical and homogeneous tissue distributions
when irradiated with the dipole. A signiﬁcant
increase in the SAR in the skin layer can be
observed for the anatomically correct tissue distri-
bution. The peak spatial average SAR in the layered
model is 1.6 dB higher than in the homogeneous
Figure 6. Positioning of the l/2-dipole at a distance of 50 mm in front of the abdominal wall. The thickness of the skin
layer of the body model ranges from 2.0 to 3.5 mm, the thickness of the fat layer from 7 to 15 mm.
Figure 7. SAR distribution in the human body when exposed to the l/2-dipole for anatomically correct (right) and
homogeneous (left) tissue distribution (1800 MHz, 50 mm distance between antenna and body); the squares mark the
locations of the 1 g peak spatial average SAR.
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model. Comparison with Figure 2 shows that the
one-dimensional generic body model (see ‘Generic
body model’) yields a very good estimate of the
SAR increase in anatomically correct models.
Exposure of the inner organs
The exposure of inner organs was assessed using
both l/2-dipole antennas and realistic models of
generic portable wireless devices, e.g. a walkie-
talkie with helical antenna, a dual band mobile
phone and a laptop computer with WLAN
antenna. The frequency range from 450 to
5800 MHz was considered. The positions of the
devices and the orientations of the body models
were chosen such that the distance to the closest
point of the respective organ was minimized. A
distance of 10 mm was kept between the transmit-
ter and the surface of the skin. The exposure of
the following organs was evaluated: heart, lung,
liver, bile, kidney, intestine, stomach, pancreas and
testicles. In addition to the adult male model (see
‘Standing wave effects in an anatomical body
model’), an anatomical model of a female (1.60 m,
53 kg) was used(14) in order to determine the
exposure in breast tissue and the ovaries. Non-
uniform FDTD-meshes were used in the simu-
lation. A minimum mesh step size of 0.3 mm was
used in the tissue layers at the exposure maximum
in order to resolve thin structures, such as the skin
surface, with sufﬁcient numerical accuracy.
For all conﬁgurations, the 1 and 10 g peak spatial
average SARs were evaluated both for the target
organs/tissues and for all body tissues. As the
exposure reference, the peak spatial average SARwas
determined in an elliptically shaped ﬂat phantom for
all frequencies and transmitter types. The axis
lengths of the phantom are 600 and 400 mm,
respectively. The phantom has a dielectric shell (1r ¼
3.7) of 2-mm thickness. It was ﬁlled with HTSL. The
distance between the transmitters and the liquid of
the phantom was 10 mm. A detailed description of
the phantom can be found in IEC 62209 Part 2(8).
When all tissues were included in the averaging
volume, the elliptical phantom yielded a conserva-
tive exposure estimate of the peak spatial average
SAR in the anatomical body models within a
range of 0–5 dB. This mainly depended on the
local tissue composition at the exposed locations,
e.g. on the amount of fat tissue in the immediate
environment of the antenna feedpoint. A strong
correlation with the curvature of the body could
not be observed. This is in agreement with the
ﬁndings of ‘Absorption of electromagnetic ﬁelds in
layered biological tissue’, since the SAR increase
due to standing wave effects or enhanced E-ﬁeld
coupling does not occur for a distance of 10 mm
and frequencies of 450 MHz. The main
parameter, which determines the exposure of the
inner organs, is their distance to the surface of the
body. The highest values of the peak spatial
average SAR were observed, e.g. in the stomach
and in the intestine, because these are very close
to the abdominal wall of the body model used in
the simulations. At higher frequencies, the exposure
of the inner organs drops considerably due to the
reduced penetration depth. A general correlation of
the exposure and the organ type, however, cannot
be given, because their positions in the body
depend on the individual properties of the exposed
subject. An increased susceptibility of particular
organs could not be observed and had not been
expected.
Although the number of available anatomical
models is too small for a detailed uncertainty analy-
sis, the ﬁndings show that the maximum SAR
always occurs close to the body surface and that the
position of the organs in the body, i.e. their distance
to the surface is the most relevant factor with
respect to their exposure.
THERMAL EXPOSURE OF THE TORSO
Generic layered tissue model for thermal worst case
analysis
The temperature distribution in a one-dimensional
layered tissue model was evaluated assuming peak
spatial average SAR values of 1.6 W kg21 in a 1 g
cube(15) and 2.0 W kg21 in a 10 g cube(16). Planar
models can be considered as sufﬁcient approxi-
mations for cylindrical or spherical structures if their
diameter is not less than 150 mm(17,18). Sequences
and thicknesses of the tissue layers were chosen
according to the worst case compositions deter-
mined in Christ and co-workers(10,19). For the temp-
erature evaluations, an FDTD implementation of
the Pennes bioheat equation(20) was solved using a
mesh step size of 0.05 mm, which is signiﬁcantly
below the minimum thickness of the tissue layers.
Both free convection (environmental temperature of
208C) and adiabatic boundary conditions were
applied at the skin tissue. Adiabatic boundary con-
ditions correspond to the situations of complete
thermal insulation. Since the objective of the temp-
erature evaluation was the assessment of the worst
case, thermoregulatory mechanisms, such as sweat-
ing or increased blood ﬂow, have not been con-
sidered. For the innermost tissue layer, heat
advection of 70 W per (K m2) at a temperature of
378C has been assumed. The simulations were ﬁrst
run without RF energy until a stable basal tempera-
ture was reached.
The temperature distributions were evaluated after
6 and 30 min of simulated exposure time. In particu-
lar for convective boundary conditions, the exposure
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interval of 6 min turned out not to be sufﬁcient for
the assessment of the maximum temperature
increase. After 30 min, all cases had reached steady-
state conditions. The maximum increases in the
temperature in the layered tissue structures are
shown in Figure 8 for free convection and adiabatic
boundary conditions. In all investigated cases, the
maximum increase was observed in the skin layer or
immediately behind it. This corresponds to the
location of the SAR maximum, which is located in
the skin layer due to the standing wave effects for
the worst case tissue distributions. Although a
maximum increase of 0.88C could be observed for
free convection, the temperature in the skin layer can
rise by up to 3.58C for adiabatic boundary con-
ditions. Comparison of the temperatures for the two
exposure limits of 1.6 W kg21 in a 1 g cube (IEEE)
and of 2.0 W kg21 in a 10 g cube (ICNIRP) shows
that the 1 g limit represents the more conservative
approach. The obstruction of convection at the skin
layer always leads to a signiﬁcant increase in the
tissue heating, if no other thermoregulatory mechan-
isms are taken into account.
Temperature increase in anatomical body models
The temperature increase in the inner organs of the
anatomical body models was analyzed for the pos-
itions for which the SAR distributions were evaluated
for exposure with the l/2-dipole (see ‘Exposure of
the inner organs’). The feedpoint power of the
antenna was chosen such that the 10 g peak spatial
average SAR of the exposed area reached the limit of
2 W kg21. The temperature increase was evaluated
for a frequency of 450 MHz, because only tissues
close to the body surface contribute to the averaging
volume for the exposure limit, and the induced
heating of the inner organs will drop as soon as the
frequency is increased. Both free convection (environ-
mental temperature of 208C) and adiabatic boundary
conditions were used. In order to reach thermal equi-
librium, the anatomical models were ﬁrst simulated
for 40 min without exposure. They were then exposed
for another 40 min.
Since the tissue distribution at the exposed
locations is different from the worst case structures
discussed in ‘Generic layered tissue model for
thermal worst case analysis’, the maximum heating
does not occur in the skin. For the different conﬁgur-
ations, the maximum temperature increase was gener-
ally observed at locations between 8 and 15 mm
underneath the body surface in the muscle or SAT-
layer. For free convection, an increase between 0.16
and 0.238C was observed. Since the maximum does
not occur at the body surface, the differences to adia-
batic boundary conditions were minor. The
maximum temperature rise observed here was
0.318C. Both for convective and adiabatic boundary
conditions, no values .0.118C were observed for the
heating of the inner organs. Again, the induced
heating strongly depends on the distance of the organ
from the body surface and of the distance to the
transmitter.
SUMMARYAND CONCLUSIONS
This study investigated the exposure of the torso
caused by wireless transmitters operating in its
immediate environment. Because of the large fre-
quency range, which can be used by these transmit-
ters (30 MHz–5800 MHz), both near- and far-ﬁeld
effects were considered. Both SAR and temperature
distribution were analyzed using generic approaches
and realistic models of the human body and the
Figure 8. Maximum temperature rise for free convection (left) and adiabatic boundary conditions (right) for anatomical
worst case compositions(10) for SAR limits of 1.6 W kg21 (1 g, IEEE) and 2.0 W kg21 (10 g, ICNIRP).
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transmitters. The results showed that the absorption
of electromagnetic ﬁelds in layered body tissue may
increase with respect to homogeneous tissue or
tissue simulating liquids. This is due to effects whose
great extent had not been anticipated or which had
not yet been observed: (1) increased penetration of
reactive near-ﬁeld components for frequencies
,450 MHz and electrically small antennas, and (2)
standing wave effects for far-ﬁeld-like exposure.
The observed maximum SAR increase was 5 dB in
comparison to the standardized tissue simulating
liquids. These effects cannot be reproduced with
homogeneous dosimetric phantoms. The exposure
of different inner organs was assessed. Increased
absorption in particular organs was not observed.
The constitutive factor for the exposure of an organ
is its position in the body. In all observed cases, the
peak spatial average SAR at the surface of the body
is larger than that of the inner organs.
The temperature increase in body tissue due to
exposure to a 10 g peak spatial average SAR of
2 W kg21 can reach more than 3.58C under worst
case conditions (one-dimensional model with adia-
batic boundary conditions, maximum absorption, no
thermal regulation). This signiﬁcantly exceeds the
order of magnitude previously assumed. For free
convection, a maximum increase of 0.88C was
observed. The temperature increase in the anatom-
ical phantom reaches up to 0.318C for adiabatic
boundary conditions. Such conditions can always
occur close to the surface of the body. The tempera-
ture increase in the inner organs is negligible, if the
SAR exposure limits are met.
With regard to the exposure of the inner organs, it
must be considered that a detailed analysis of the
uncertainty and variability of the results has not
been performed because of the insufﬁcient number
of appropriate whole-body models. Nevertheless, the
ﬁndings generally conﬁrm the strong dependence of
the exposure and induced tissue heating on the dis-
tance of the organ or tissue from the surface or the
SAR maximum. A signiﬁcant thermal load to inner
body regions caused by devices, which are compliant
with safety limits appears unlikely.
For the conservative compliance testing of hand-
held and body-mounted wireless devices with safety
limits for RF-exposure, the respective standards
must be adapted to take into account the effects,
which were observed for the coupling of the electro-
magnetic ﬁelds into layered body tissue. The con-
sortium of this study has submitted suggestions
(frequency- and distance-dependent scaling factor)
to the respective standardization working groups.
The current standards for the compliance testing of
wireless devices operated at the ear are not affected
by the results of this study; the observed effects do
not occur at the exposed regions of the head because
of the different tissue composition.
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